The alternating light aiid dark intrrference fringes represent contours of constant pliaw shift of the ,ncident light The phase shifts are produced by refractile index \aria-tions i n the fluid \~l i i c h are proportional to the local denyit) of the 19uicl The iiiaxinia and miiiiiiia 111 the interference pattern occur respectively. nlie11 the phase shift equals t o a whole arid a half wavelength of light Tlie>e extrema forin the centerlines of tlie fringes aiid are the on11 poiiits at mliich the pha.;e shift is precisel) known Ifence. mapping the locatioiis of the fringe ceiiterliiies beconies a requireineiit for extiacting quaiititatixe data from the image
It ic common piactice to analyze fringe patterns b? tracing cdges ( I e the boiiiitlaries betneeii light aiid dark fringes) Edges are relati\el> easi11 detected h j marking the locat ioiis U here tlie image intensit) crosses a specified tliic4iold intensit\ leLel (:enerdll> [1] [2] [3] [4] [5] A schematic of t.he point cliffractioii intrrferoiiiea spherical mirror. The colliniated braiii is directed through the test sectioii (parallel to the moclel span I and is focused off-axis with a second splierica! mirror having the same focal length as the first niirrcr. The point diffraction source is located at the fociis of the second mirror. T h e interference pattero formed at this point is focused at a camera using a q i t r n i of imaging optics.
The poiiit diffraction source (referred to here as the PDI plate) is a clear pin-hole n-ithin a neutrpl density filt,er. 'The neutral densit>-filter is created 11)-developing. in a weak solution. a holographic plate which has been exposed t o uniform illuniinatioii. The plate i s not fixed. which leaves the emulsion soft. 61;ith the PD1 plate mounted a t the focus of t h e second mirror aiid the wind tunnel flow t,urned off. a pinhole is hiirned through the eniulsioii b>-the focused laser beam. Jl'itl: the f l o~ turned on. the laser liglit i s both deflected (shadowgraph effect ) ancl pliasr-shifte;l due to the index of refraction mriations encountered while traversing through the test section. Lig!it w h i c h The quality of the interferriice fringes depeiiils on the balance of signal to reference light. n-liich in t u r n depends on t,he size of the pin-hole and the densit>-of the filter. T h e pin-hole intist be sinall to act as an effeckii-e cliffract,ion source. PDI plates ranging ill neutral density froin 0.8 t,o 1.3 were used in the strid!-of flow over a Mach number range of 0. 2 5 Fig. : j represents data from an o\ e r -e s p o~d image ant1 111t' bottom line reprtxnts data from a n riiitler-t~sposc,~l iiiiase: the mean intensity of each line of data is allproximatel!-that of the peak illtensit-of a liglit airtl pectiveiy;. in a \veil esposcd iiittvf,roteiii noise is aniplificd hy t h e tyl)f-, of' ions typicall>-i i s r t l for locatitig friiigt, edges. ceiiterliiirs. ant1 oricntatioir [-1.10] . A l i i c l i CII'I hi5 noise can he removed froiii tlic iiiiagt, by t i l ( , a p i~I i t . : ition of a n appropriate lowpass filter. A i i appropriai(' filter must be capable of adapting to t h e local f'iiiigf, spacing. liowevcr. the m i s e rendf,rs iriilcciirtttt. ;iiiy ( / priori knowledge of the fririgc spaciiig F'ri ing in the digit,ized images c i l l l ~t1r.y froiii > f > \ -i n t w t,he suction peak on t.he airfoil to st:i~:raI Iiiinilred pisels in the out,er flow. Fig. 1 ). The outline of the airfoil is drawn over tlie image and t,lie user manually optiniizes the fit by adjusting the position and size of t,he outline. An image mask identifying all pixels located within or on the outline is created. Also, a coordinate system transform is established bet'iveeii screen coordinates and laborat.ory coordinates. Drawing t,ools are provided for masking any other regions of the image. This is nrcessarh-wlien some portions of tlir image must be processed different,ly than ot,her portions. For example. the leading-edge region typically requires local equalization (discussed helow) while the out,er regions (wide fringes) typicall a low-pass filter. Only t,he airfoil mask is con other masks can be altered or eliiiiinat,ed a t any step in tlie process.
As indicated. the portion of the image near the leading edge of the airfoil must often be treated separa.tely froiii the rest of the image. The fringes there are very narrow and have a high degrce of curvature. The fringe widths are at, times less than the resolution of the digitizer. resiilt,ing in lost fringes.
To improve t'he resolution for subseqiient processing streps the region caii he ruagnified using a nonaliasing spatial transform [ 111. The noiialiasing aspect of t,he traiisforni result,s in a snioot,h image requiring no ot~lter filt,ering. This process does not, recover t,he lost iiiforniat ion but, does improve the effect,iveness of the fringe tracing algorithm by increase the local fringe m7id t,h.
Ail intensity profile across a row of pixels taken from t,he leading edge region of Fig. 1 is plotted in Fig. 4a . It, i s clear froiii the .'cleanness'' of t,liis profile (compare Fig. 4b ) that, the resolution of the closely spaced fringes is nearly the same as t,!ie resolut~ion of the syst,ein noise. As a consequence. in these regions of an image t,he effects of t8he noise appear as local variations in the cont,rast (or fringe i-isibilit,y) tion ptirformed in two passes over t'lie image: in the first pass T O W of pixels are cxamined and t,he second pass colunins are rxamined.
Edgr D~f f~f / o n ; X pixcl is marked as helonging t,o a fringe, etlge if the intensity crosses a specified tlireshold level h e t w e n the pixel aad t,he previous pixel. -A iioise band is specified to eliminate spiirious crossings due to noise in the image intensity. A tlireshold crossing is validated only-if the intensity exceeds tlie noise band bi.fore recrossing the threshold level. The tliresholcl level is taken as the mean intensity jignoririg any masked pixels) along the row or column of pixels under consideration. The noise band is arbit,rarily set to 20% of the intensity range. cent,ered about tlie threshold level. In certain cases a row or column may follow a fringe or cross only one edge. Such situat,ions are cletect,ed by comparing the intensity range t o t,liat for the entire image. If these ranges differ by more than 20% the global image properties are used rather than the row/colunin properties.
Curve Fitting: The edges are used as a guide to locat,ing the fringe centerlines. Assuming that each successive pair of edge points outline a single fringe, the centerline of t.he fringe will pass through t,he point of extreme intensity between these two edge points. The data between the edge points are smoot lied so that. the ext,reme can be unambiguousl\-located. Smoothing is achieved by a form of Cheh>--slic~v economization [13] . The Chebyshev polynomials are defined by the formula
T n ( z ) = COS(R cos-lx)
and have n zeros in the interval [-1. 11 . A iit'w approxiiitation is perfornied for the d a t a 1-wt~v c c~i i each pair of fringe edges. S o provision i s m a t l e to rnsure piece-wise continuity across an rdge since. oiil? t l i~ local extreme values are of interest.
The points located t,his wab-are takeii i1,s valid fringc cmterline point,s only if t,he image' intensity at the point is outside the threshold noise band used for the edge cletect,ion. This rrquirenieiit eliminat spurious poiiit,s which result, from false edge clet and missed edges.
Friuyc Tracing and Numbering: Through tliie procedures out,lined above tlie image is reduced t o two sets of pixels. one associated with the ila.rk fringe centerlines and t,he other wit,h t.he light fringe cellterlines. These dat,a set,s form t,wo search lists which are next sorted into smaller groups, each tracing a single fringe. Tracing begins arbit,rarily .ivit,li the first point in the search list. A nearest, iieighbor search is performed wit,h an inner and outer search radius. Any point wit,hin the inner search ra.dius of the ciirrent point, is automat,ically designated as belonging to the current fringe. Any point found bet,ween the inner and outer search radii are assigned to t,he current fringe if certain criteria are satisfied. These criteria are designed t o prevent t,he t,racing procedure from bridging adjacent fringes by examining t,he image intensity-across t,he gap and by checking for t,he presence in the gap of data points belonging t o t,he opposite fringe type. Each d a t a point assigned t o a fringe is removed from the set of searchable da.ta. The search is then repeated relative to each new point added t o the fringe in the previous search. T h e search ends when no new points a,re found. This condition arises \T-lien the ends of the fringe are reached or when a gap larger than the outer search radius is encountered. A new fringe is designated and the tracing proceedure begins anew with the first point, in t,he search list, becoming the first point in the new fringe. T h e search is progressively fader as d a t a points are removed from the search list, and placed in fringe list,s.
The inner search radius is two pixels. meaning that ally one-pixel gaps in t,he data are automat,icallJr hriclged. The outer radius varies with fringe spacing anti is six pixels in the outer flow regions w l~~r t x the fringe spacing is wide, and reduces i o t,hrre pixels near t h e leading edge where fringe spacing is often less t,han . Due to the sinall fringe spacing in t,his region an>-noise in the dat,a can cause the fringe tracing algoritliin to erroneously join fringes to fore. t l i P leading edge is gmerally trea in the form of a iiiagnifiied iniagc segrricnt .
T l i~r e m a y exist gaps iii 61ie dat8a larger tlraii the outer search radius. There inay also be spiirioiis object,s in the image. especially near the surface of the airfoil. which can cause the tracing proceedurc to erroneously connect, fringes. For these reasoiis an>--fringt" found by t h e tracing proceedure tila?; delineate oiil~. a portion of an act#ual fringe. or ma\.-be B combination of several actual fringes. Portions of broken fringes are joined by comparing t.he direction a n d curvature of segments. R/lult8iple fringes are separa. b>-sorting t,he dat,a points first in one direction, then in the ort,liogonal direction. This proceedurr has t,he
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disaclvant age of hwaking ii fringe t,liat curves back on itself (e.g.. the ncarly circular fringes around the stagnation point). The pit,ces a,re reconnected if the hrealc occurs in a regioii witlr wick fringe spacing (greater t han the outer warcli radius). Operat or iiit~erveiit,ion may he r e q~i i r d at this stage. Figure 6 is a flow chart of tlie t,ypica.l processing procedure. The need fcjr the spin filter step depends oil the quality of tlic, original image. For all the results presented here. the region around t,he leading edge of the airfoil mas niagiiifiecl by four times and treat.ed separately froni the rest, of the image. A magnification of four proi-itlcs sufficient resolution while keeping the iniage t,o a nraiiageable size. Xo editing t,o coiiiiect broken fringe has been pcrfmn-ied on t,lie d a t a presented in this section. The interferograms record the flow over a sinusoidally oscillating SA4CA 0012 airfoil. The meail aiigk of attack I n s 10" and the aniplitude of oscillation vias 1 0 ' . Tlie chord length of the airfoil ivas 7.62 mm and t,he airfoil was oscillated about the quarter chord. 'The free s1,rea.m Mach iiiii-iiber of the flow was = 0.3 for all the data slio\VIi with t,he exception of the data shown in Fig. 10 which was obtained at ill = 0.45. Pressure coefficients were calculated from t,he phase shift b?; using t lie Gladst,oiie-.Dale eqiiat'ioii and tlie relationship between the density and the pressure of an isentropic fluid [14] .
The fringe m a p obtained from the iniage showi~ in Fig. 1 is plot,ted in Fig. 7 . For clarit,y, only t,he dark fringes are s h o w i . Thc irnage was obtained at an angle of attack of U-= 10" for an airfoil oscillating at, a reduced frequency of k = 0.05. The gap in the fringes located near the leading edge on the upper surface of the airfoil corresponds with t,he da.rk bulge visible on the iniage in Fig. 1 . This bulge is a result, of' the optical distort~ions created by the intense density lit in this region of tlie flow [9] . An intensity profile from the original iniage taken along the line indicated on Fig. 7 is plotted in Fig. 8 with vert,ical dotted lines riiarking the locations of t h e intensity extrema as tletcrniiried by the atitoiuat,ic process. Notice t,!iat tlw niasimurn located near piwl number 320 is sken;eci by the presence of' a noise spike. Fig. 9a shows the airfoil at a = As a final example. an image and it,s fringe map obtained for a higher Mach nurnber flow are shown i n Figs. 10a arid 101) . respectid>-. The free stream Mach nuniber iii t h i s case was -11 = 0.4.5. T h e other parameters were: k = O . O j , o = 10". I:ntler these coiiditions t,lie local vclocit,y exceeded thc sonic speed and an oblique shock formed. ;\loreover. the interaction bet,ween t hr, shock ailcl the laminar boruida.ry layer ( R f = 9x10') resuIt,ect in the formation of mul- 
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